interaction with FimV, we asked whether DgcP would also localize at the cell poles. Indeed, 1 2 9 when cells overexpresses the fusion protein DgcP-msfGFP, polar fluorescent foci were 1 3 0 observed in virtually 100% of both PA14 (not shown) and ΔdgcP strains ( Fig. 2A) . This 1 3 1 localization is lost when DgcP-msfGFP is expressed in a ΔfimV mutant, where the 1 3 2 fluorescence is scattered throughout the cells ( Fig. 2B and C) . To narrow the DgcP region 1 3 3 important to the interaction, we use two different DgcP-msfGFP fusions, one containing the 1 3 4 first 199 amino acids (N-ter-DgcP-msfGFP) and the other the last 461 amino acids (C-ter- DgcP-msfGFP) ( Fig. 2A) . The C-terminal fusion fluorescence was scattered in the cells (not show) and cells overexpressing the N-ter-DgcP-msfGFP presented a growth defect, 1 3 7 precluding its analysis. Therefore, we cannot determine precisely which region of DgcP is 1 3 8 important to polar localization. As the DgcP C-terminal construct is not localized and there are no predicted domains and Alteromonadales (Table S2 ). We found that the N-terminal region is composed by two 1 4 3 separate conserved segments ( Fig. S1 ) and both or one of them may be responsible for 1 4 4 interaction with FimV, which homologues are present in all those bacterial genomes. been investigated by different groups under different conditions. Kulasekara and collaborators 1 4 7 showed that mutation in DgcP abolished biofilm formation in LB medium (11) and Ha and 1 4 8 collaborators showed that a dgcP mutation did not affect biofilm formation in M63 minimum formation in LB (20) . Here, we confirmed that the PA14 ΔdgcP mutant is impaired in biofilm 1 5 2 formation in the rich medium LB, but minor differences were observed in minimal M63 1 5 3 medium (Fig. 3A) . These results are in agreement with the differences observed by the two 1 5 4 previous studies (11, 27) . The expression in trans of dgcP restores the phenotype of biofilm 1 5 5 defect on ΔdgcP ( Fig. 3B and C) . In LB, ΔdgcP was not able to form a biofilm and just a few 1 5 6 adherent cells were observed by confocal laser scanning microscopy (CLSM) after 16h post-1 5 7 inoculation, while the wild type PA14 biofilm was mature at this time point ( Fig. 3C) . At 72 1 5 8 hours, ΔdgcP biofilm was thin and undifferentiated ( Fig. 3D) . As FimV is also involved in 1 5 9 biofilm formation ( Fig. 5) , this is another indication that they have complementary roles in the 1 6 0 cells, probably related to the T4P function. DgcP has a role in twitching motility. P. aeruginosa utilizes T4P to move across solid 1 6 2 surfaces in a process known as twitching motility. As T4P is regulated by FimV, we decided to 1 6 3 8 investigate if DgcP is important for twitching. A small portion of the outer edge of the bacterial 1 6 4 streak was taken and stabbed into the bottom of the agar plate or placed on a thin layer of 1 6 5 solidified media and covered with a glass coverslip. Cells were incubated and active colony 1 6 6 expansion occurred at the interstitial interface. Twitching motility was analyzed by staining the 1 6 7 plates with crystal violet after 16h ( Fig. 4A and B) or by phase contrast microscopy after 4 1 6 8 hours of colony expansion (Fig. 4C) . As expected, the Δ dgcP mutant presented decreased 1 6 9 twitching motility with a less defined structure whereas PA14 presented a well-defined lattice-1 7 0 like network. The fimV mutant was not able to perform the twitching motility ( Fig. 4) , as cells, but only round microcolonies that did not expand on the surface were observed for the 1 7 8 Δ dgcP mutant ( Fig. 4D) . These results show that DgcP is important to early stages of biofilm 1 7 9 formation and twitching motility. DgcP activity is FimV dependent. Here we observed that the FimV protein localizes 1 8 1 the diguanylate cyclase DgcP at the cell pole ( Fig. 2) . Thus, we asked whether DgcP activity swimming motility in the Δ fimV background, suggesting that it needs FimV for full activity. This 1 8 8 is not observed for WspR-msfGFP, which has the same effect with or without FimV in the 1 8 9 cells. Overexpression of the C-terminal portion of DgcP (pDgcP-Cterm) that does not localize 1 9 0 to the cell poles has no effect in biofilm formation and swimming motility ( Fig. 5A and B ) in all 1 9 1 strains tested, even though there is an increase in overall c-di-GMP levels (Fig. 5C) ,
suggesting that localization of the diguanylate cyclase activity is important for those 1 9 3 phenotypes. Moreover, overexpression of a mutated DgcP in the diguanylate cyclase motif 1 9 4 (GGEEF to GGAAF) decreases biofilm formation in the wild type PA14, but has no effect in 1 9 5 both Δ dgcP and Δ fimV backgrounds ( Fig. 5A and B) . DGCs are dimeric proteins therefore 1 9 6 the GGAAF mutation may act as a negative dominant on the wild type DgcP. CdrA is a extracellular protein considered as a scaffold for the biofilm extracellular Exopolysaccharide (EPS) is also an indication of c-di-GMP levels in several bacteria (30, 31). overexpressed together, EPS production increases, resulting in pink colonies (Fig. 5E ). Altogether, our results corroborate the hypothesis that the polar localization of DgcP by FimV 2 0 8 also regulates its activity and that DgcP may contribute to a local c-di-GMP pool . Recently, Aragon and collaborators showed that DgcP is a well conserved DGC protein 2 1 3
in Pseudomonads related to plant and human infections (20) . Previously, we showed that 2 1 4 overexpression of this protein alters biofilm formation, swimming and swarming motilities as 2 1 5 well as imipenem fitness, due to reduced levels of OprD (19). However, we could not 2 1 6 conclude that those phenotypes were specifically related to the physiological role of DgcP, 2 1 7 because it was assumed that the overexpression of a DGC increases the global c-di-GMP 2 1 8 levels. Herewith, we used protein-protein interactions, characterization of a deletion mutant 2 1 9
and protein localization to look for the specific function of DgcP. requires FimV (23), which shares similar domain organization with Vibrio cholerae HubP. localization of the chromosomal segregation and chemotactic machineries (33, 34). We found 2 2 7 that DgcP is present only at the cell poles and that this pattern is dependent on FimV. Thus, 2 2 8 we hypothesized that DgcP localization is important for the formation of a localized c-di-GMP 2 2 9 pool at the cell poles that would assist the assembly and/or function of the T4P apparatus or 2 3 0 other pole-localized organelles (Fig. 6) . We suggest that DgcP could be one of the sources of would be needed for the correct assembly of the machinery at the cell poles. Similarly, a P. twitching motility and does not bind to c-di-GMP (32), suggesting a conserved mechanism. Cumulatively, these findings imply that the molecular mechanisms of pilus protrusion and Bacterial strains, plasmids and growth conditions. The bacterial strains and 2 6 9 plasmids used in the study are described in the Supplementary Table S2 . For routine cell 2 7 0 cultures, bacteria were grown aerobically in Luria-Bertani (LB) broth or LB agar at 37 or 30°C. Ampicillin (100 µg/ ml), kanamycin (50 µg/ml) or gentamicin (10 µg/ml) were added to 2 7 2 maintain the plasmids in E. coli. Carbenicillin (300 µg/ ml), kanamycin (250 µg/ml) or 2 7 3 gentamicin (50 µg/ml) were added to maintain the plasmids in P. aeruginosa. For the pJN105 2 7 4 related constructs (Table S1), arabinose was added to cultures at 0.2 % final concentration. Table S1 . PCR products of the expected sizes were purified from gels 2 8 3 using GeneJET TM Gel Extraction Kit (Thermo Scientific), cloned using the SLIC method (46) 2 8 4 and transformed into E. coli DH5α (Table S1). Plasmid purification was performed with To construct unmarked in-frame deletions, the upstream and downstream regions of 2 8 9 the target gene were amplified and cloned into the pEX18Ap (fimV) or pKNG (dgcP). The 2 9 0 resulting constructs were used to delete target genes on wild type PA14 genome by 2 9 1 1 4 homologous recombination. To construct the pDgcP plasmid the dgcP coding region was 2 9 2 cloned in frame with a synthetic msfGFP gene into the pJN105 plasmid. The msfGFP codes 2 9 3 for a N-terminal 40 amino acids spacer and a C-terminal monomeric super fold GFP. All 2 9 4 vectors and constructs are described in more detail in Table S1 . Biofilm assays. Three different biofilm assays were performed. The microtiter dish 2 9 6 biofilm formation assay was performed as described (47). The biofilms observed by confocal 2 9 7 laser scanning microscopy (CLSM) were grown in 8-well chamber slides and stained with 2 9 8 DAPI as described (48) well. Before using the silicon substrates, they were previously cleaned by ultra-sonication for slides were rinsed three times with water, fixed with 4% paraformaldehyde for 1h and High-throughput two-hybrid assays. PAO1 two-hybrid library (22) was tested against 3 1 0 the pKT25_DgcP bait. Basically, 25-50 ng of pUT18 library was transformed into BTH101 were cultivated in liquid medium, and plasmids were isolated and further analyzed. The 3 1 4 candidate preys were retested individually for interaction with the bait by retransforming pUT18 derivative prey and pKT25 bait plasmids into BTH101 cells and also the pUT18 Twitching assay. Macroscopic twitching assay was performed as described (27) followed by 48 h of incubation at room temperature (∼25°C). Next, the agar was removed, 3 2 5 and the bacteria were stained with 0.1% crystal violet. Microscopic twitching assay was 3 2 6 performed as described (50). 30°C in a plastic bag to maintain the humidity constant (51). Improm II (Promega) or Superscript III (Invitrogen) and hexamer random primers (Thermo 3 3 7 Scientific). cDNA was then amplified with specific primers using Maxima SYBRGreen/ROX Biosystems). nadB was used as internal control for normalization of total RNA levels (52). The 3 4 0 relative efficiency of each primer pair was tested and compared with that of nadB and the 3 4 1 threshold cycle data analysis (2 -ΔΔCt ) was used (53). All reactions were performed in 3 4 2 triplicates, the assays were repeated at least twice using independent cultures and the results M8 medium with 0.6 M perchloric acid. The tubes were incubated on ice for 30 minutes and 3 5 8 then centrifuged at 20000 g for 10 minutes. The pellets were used for protein quantitation and 28. Borlee BR, Goldman AD, Murakami K, Samudrala R, Wozniak DJ, Parsek MR. 
